A region of DNA which determined the production of the insecticidal toxin of Bacillus thuringiensis subsp.
The seeds of legume crops that are cultivated in the tropics often constitute an important part of human diets. One such crop is the pigeon pea (Cajanus cajan), which contains approximately 20% of its dry weight as protein. In several tropical regions, particularly in the Indian peninsula, this plant is an important source of protein, and current economic trends and statistical estimates of the Food and Agricultural Organization suggest that it will become more important. The pigeon pea can grow well under nitrogenlimiting conditions provided that its roots are nodulated by appropriate soil bacteria that are defined loosely as Bradyrhizobium species. These bacteria fix nitrogen in the nodules, and the fixed nitrogen is made available to the plants. In certain regions, the beneficial effects of this symbiotic nodulation and nitrogen fixation are thwarted by insects belonging to the species Rivellia angulata (Diptera: Platystomatidae) and other related species (3, 8) . The larvae of these insects prefer feeding on the root nodule contents without causing any apparent damage to the roots, and it has been observed that young larvae that are denied access to nodules tend to die within a few days (3) . Gowda and Siddapaji (S. T. K. Gowda and C. Siddapaji, Abstr. 2nd All-India Symp. Soil Biol. Ecol., p. 101, 1979) have also reported that they obtained increased pigeon pea yields when the number of Rivellia larvae was reduced by the application of soil insecticides. These reports and the observation that the soil bacterium Bacillus thuringiensis subsp. israelensis produces an endotoxin that upon ingestion is toxic to larvae belonging to the order Diptera prompted us to construct a derivative of an appropriate Bradyrhizobium sp. that carried and inherited a hybrid plasmid that expressed the insecticidal endotoxin. The (Table 2) , which was arranged in a factorial randomized block design in five pots. Approximately 1011 viable cells of a Bradyrhizobium strain were inoculated into each pot before the seeds were sown. At 22 days after sowing, the pots with the growing plants were enclosed in a muslin cage. Then 50 to 70 adult Rivellia flies collected in the field were released into the cage daily for 20 days, after which the potted plants were grown in a growth chamber with a 10-h day length at a day temperature of 28°C and a night temperature of 18°C. A similar set of plants was grown without insect infestation. The plants were supplied daily with a nitrogen-free nutrient solution (7) for 46 days and then harvested and examined. Individual root nodules that were more than 2 mm in diameter were examined for damage. The nitrogen contents of the leaves of the plants were determined as described previously (7) . A limitation imposed by the known habits of the insects was that plants could not be examined conveniently for nodule damage at early stages; both the adult insects and the larvae (even more so) were susceptible to lethality upon trapping, and only a fraction of them survived.
RESULTS AND DISCUSSION Construction of the plasmid containing the DNA region specifying delta-endotoxin production. Plasmids belonging to the groups N, P, Q, and W are known to have broad host ranges among the gram-negative eubacteria (11) . From preliminary studies (data not shown) with a plasmid vector belonging to each of these groups, we selected one plasmid, which was based on the group Q plasmid pKT230 (1) , as the plasmid that would be the most suitable and convenient plasmid for cloning a DNA fragment carrying the endotoxin gene originating from pSY368 (Fig. 1) . The vector which we used was a modified version of pKT230 called pMA530 (Fig.  1) . In pMA530, there is a cluster of root nodulation genes (nodABCIJX) which are under the control of a nod box, a regulatory region that controls transcription of this entire region in a Rhizobium leguminosarum strain (S.-W. Ma, Ph.D. thesis, Carleton University, Ottawa, Canada, 1988). (12) . This fragment, which was bounded by EcoRI (E) and Sall (Sa) sites, was linked to the vector region of pMA530 to yield pSM4.
In the construction of pSM4 (Fig. 1 ) most of this nodulation region was replaced by a DNA fragment from pSY368 that was known to specify the insecticidal toxin (12); pSM4 was transformed into the E. coli strain carrying conjugative helper plasmid pBRK4013. We verified that the resulting E. coli strain harbored pSM4 and pBRK4013 in a stable manner and then used this strain in a mating reaction with strain IC3554. Transconjugants were selected and screened to be Cmr (strain IC3554 marker), Kmr (pSM4 marker), and CbS (absence of helper plasmid pBRK4013). Transconjugant colonies obtained in this manner were then used in colony hybridization reactions with radioactive pSY368 DNA and pBR322 DNA as probes. A replicate of a colony that hybridized to pSY368 DNA but not to pBR322 DNA was designated strain IC3554(pSM4).
Stability of pSM4 in strain IC3554. pSM4 was found to be as stable as pKT230 in strain IC3554. This was established   FIG. 2 . Evidence for the production of a polypeptide (arrow) by strain IC3554(pSM4) (lane A) which is not detected in strain IC3554 (lane B) and which reacts with antibody produced against the insecticidal endotoxin of B. thuringiensis subsp. israelensis. The basis of the nonspecific reactions (bottom two bands) has not been investigated.
by growing and subculturing each strain in the liquid medium without antibiotics for approximately 50 generations, plating out dilutions of the culture for the development of single colonies on antibiotic-free media, and then replicating 200 colonies on media containing kanamycin. None had lost kanamycin resistance. The nodule-forming abilities of strain IC3554 and the strain IC3554 derivatives containing the plasmid vectors were examined in a presterilized sandvermiculite medium (7) . Under these conditions, strain IC3554(pSM4) formed an average of 12 nodules per plant, and strain IC3554 formed 20 nodules per plant (average of 20 plants). Visually, there was no difference in the appearance of the nodules. Thus, the engineered strain retained nodulating ability although its relative nodulating efficiency in unsterilized soil could be less than that of strain IC3554 or of other strains indigenous to the soil. We concluded that strain IC3554(pSM4) was a suitable candidate for further tests, but in order to overcome any possible deficiency in nodulating ability compared with indigenous bacteria in unsterilized soil, we decided to use large populations of this engineered bacterium in the subsequent experiments which were intended to determine whether plant protection could occur in natural but potted soil that had not been sterilized.
Detection of the endotoxin polypeptide in Bradyrhizobium sp. Figure 2 shows the polypeptides from strain IC3554 (pSM4) (lane A) and strain IC3554 (lane B) that reacted with the endotoxin-antibody probe. Nonspecific binding to Bradyrhizobium proteins was detected. However, the highest-molecular-weight polypeptide present in strain IC3554(pSM4) was absent in the control. This result was reproducible. We estimated that the molecular weight of this polypeptide was 45 x 103, which is in reasonable agreement with expectations for the delta-endotoxin polypeptide of B. thuringiensis subsp. israelensis. These observations indicated that strain IC3554(pSM4) could produce the endotoxin polypeptide when it was grown ex planta. We assumed (but have not demonstrated) that this polypeptide is also produced in the root nodules. Nevertheless, the observation that the polypeptide was produced ex planta encouraged us to perform the plant infestation tests described below.
Ability of the Bradyrhizobium construction to provide protection against Rivellia infestation. The larvae of Rivellia species are difficult to collect and to rear successfully (Gowda and Siddapaji, Abstr. 2nd All-India Symp. Soil Biol. Ecol.; B. A. Foote, personal communication). We confirmed previous observations and could not obtain viable larvae in sufficient numbers to permit direct bioassays with the insecticidal toxin. Furthermore, the larvae are not easily transferred without loss of viability and reportedly feed only on root nodules. These limitations (which will need to be overcome to address mechanisms of insecticidal action) suggested assays for plant protection that were patterned after the pot assays of Sithanantham et al. (10) . At 20 days after exposure to Rivellia sp., the pigeon pea plants growing in pots seeded with strain IC3554 began to show visible symptoms of nitrogen difficiency (yellowing), while the plants in pots inoculated with strain IC3554(pSM4) were healthy and green. After 40 days, only the plants inoculated with strain IC3554(pSM4) had green leaves (Fig. 3 ). Nodules were examined at this time. Only 46% of the nodules of plants growing in pots containing strain IC3554(pSM4) showed evidence of larval infestation while in the pots containing strain IC3554, 85% of the nodules showed evidence of larval infestation. These differences are statistically significant (Table 2 ). It should be noted that the experiments were conducted with unsterilized soil that was collected locally to simulate natural conditions. Under these circumstances, nodules were formed by other Bradyrhizobium strains indigenous to the soil, and these nodules were susceptible to the added Rivellia larvae (Table 2) . Thus, in the soil that received strain IC3554(pSM4) not all nodules would have been initiated by this inoculant. It is remarkable that protection was evident despite this limitation, a limitation which is also likely to be present in natural situations.
Two aspects of this study which need to be investigated further and which will require refined methodology relate to the control of biosynthesis of the polypeptide in the root nodules and the monitoring of early stages of infection. However, the observations which we report in this paper do suggest that the installation of engineered insecticidal genes into Bradyrhizobium species and the planned introduction of such constructed organisms into natural environments may have potential benefits.
